Abstract -Introduction. Chestnut represents one of the most important crops for the Portuguese economy. The most common consumption mode of these fruits is roasted or boiled. In this context, the major aim of our study was to evaluate the amino acid contents and the mineral composition of raw and cooked chestnuts. Materials and methods. Amino acids were determined by HPLC and minerals were determined by molecular absorption spectrophotometry, by atomic absorption spectrophotometry or by flame emission photometry. The most important Portuguese cultivars were evaluated: Aveleira, Boaventura, Côta, Judia, Lada, Lamela, Longal Padrela, Longal Soutos da Lapa, Negra and Martaínha. Results and discussion. The cooking method significantly affected the total amino acid composition with contents in roasted samples 13% and 12 % higher than in boiled and raw chestnuts, respectively. Roasted chestnuts presented higher alanine, arginine, isoleucine, leucine, phenylalanine, threonine, tyrosine and valine contents than either raw or boiled chestnuts. Moreover, serine presented the highest content in raw or roasted chestnut kernels. Regarding the mineral composition, potassium (K) was the predominant macronutrient in the chestnuts, whereas phosphorus (P), calcium (Ca) and magnesium (Mg) were found in low contents. Cooking significantly affected the mineral composition, except for iron (Fe), copper (Cu), and manganese (Mn) contents. In general, calcium decreased upon cooking. K, Ca, Mg and B decreased with boiling. The present data confirm that cooked chestnuts are a good source of amino acids and minerals, both affected by boiling and roasting, which have been associated with positive health benefits.
Introduction
Free amino acids are implicated in secondary plant metabolism and in the production of compounds which directly or indirectly play an important role in the plant-environment interaction and in human health [1] . Additionally, amino acids directly contribute to the flavour and colour of food induced during thermal reactions in the stages of production, processing and storage of food [2] . They are precursors of heme, glutathione, various hormones, nucleotides, nucleotide coenzymes, neurotransmitters [3, 4] and alkaloids [5] . In mammals, the extra dietary amino acids are converted to metabolic intermediates, such as pyruvate, oxaloacetate, acetyl-CoA and α-ketoglutarate and, therefore, they are also precursors of glucose, fatty acids and ketone bodies [3] .
There have been some published studies on the free amino acid content of chestnuts, such as Desmaisson et al. [6] , De Vasconcelos et al. [7] , Borges et al. [8] and De Vasconcelos et al. [9] . De Vasconcelos et al. [7] identified fifteen amino acids in the Portuguese cultivars (cvs.) Martaínha, Judia and Longal: alanine, arginine, asparagine, aspartic acid, glutamic acid, glutamine, glycine, isoleucine, leucine, phenylalanine, serine, threonine, tryptophan, tyrosine and valine. However, some of them (glycine, threonine, tryptophan and tyrosine) were only present in trace amounts. In another study dealing with eight Portuguese chestnut cultivars, the amino acid profiles were dominated by aspartic acid, followed by alanine, arginine, glutamic acid and leucine [8] .
Regarding the mineral composition, a recent study from De Vasconcelos et al. reported that chestnuts are rich in K and P, but poor in Ca, Mg, I, Zn and Mn [10] . However, Borges et al. reported that nuts are a good source of K, P, Mg, Fe, Mn and Cu [8] .
Chestnut production is concentrated in the northern region of Portugal, representing one of the most important crops for the economy of the country. For the most part, chestnuts are consumed roasted and boiled, and less fried, using fresh, seasonally harvested fruits. During the last decade there was an increase in the use of frozen chestnuts to cover the needs throughout the year. Nevertheless, earlier studies have mainly focused on the composition of raw fruits, and the information about the changes in primary and secondary metabolite chestnut composition after roasting and boiling is quite limited. From other studies it is known that boiling affects the content of amino acids and minerals. For instance, boiling led to a significant decrease in both essential and non-essential amino acids in kidney beans [11] . The major reduction of essential amino acids affected methionine, tyrosine and threonine. In chickpeas, the only essential amino acid that was affected by cooking was lysine. In lentils, a decrease in the content of isoleucine, leucine and valine was observed, but data showed a significant increase in lysine, phenylalanine and tyrosine. Additionally, K and Mg are strongly leached from chestnuts by cooking [12] . In contrast, the Ca content increased during cooking with tap water. Therefore, the aims of this study were to describe the variation in free amino acids and minerals from ten Portuguese chestnut cultivars when submitted to the most common cooking methods, boiling and roasting; to establish the relationships between the different variables and to detect the most important causes of variability. From this information we inferred the potential beneficial human health effects of the cooked fruits.
Materials and methods

Sample collection and cooking procedures
The most important Portuguese cultivars were selected in the northern region of Portugal: Aveleira, Boaventura, Côta, Judia, Lada, Lamela, Longal Padrela, Longal Soutos da Lapa, Martaínha and Negra [13] . Three representative trees from each cultivar were selected and three replications of mature chestnuts (1 kg of fruits per sample) of each selected tree were randomly collected and kept at ± 2°C until analysis for a maximum of 3 days.
Raw chestnuts (500 g) from each cultivar, previously cross-cut, were boiled for 20 min in 2 L of tap water (low hardness), with 5 g of NaCl added. Another 500 g of raw nuts from each cultivar were slit with a knife, spread with 7 g of NaCl, and then roasted in a preheated electric oven with air circulation (Nabertherm Mod. -L9R, Lilienthal, Germany), at 200°C for 40 min. These conditions were selected after previous tests. After processing, the samples were peeled and the nuts were rapidly cut into small pieces and milled in a Model SK 100 Cross Beater (Retsch, Haan, Germany) to a uniformly fine powder. Samples were stored in a freezer at -80°C until analyses were performed. Both the boiling and roasting processes were done in triplicate.
Chemicals
All chemicals and reagents were of analytical grade and were obtained from various commercial sources (Sigma/Aldrich, St. Louis, USA; Merck, New Jersey, United States, and Pronalab, Lisbon, Portugal). All solvents were of high-performance liquid chromatography (HPLC) grade, and all water was ultrapure. All amino acid standards were obtained from Sigma-Aldrich. For all standards, HPLC calibration curves were constructed by injection of 20 µL of different stock contents of the standards.
Extraction and HPLC analysis of free amino acids
The freeze-dried samples of raw, boiled and roasted chestnut kernels were weighed in triplicate (0.2 g) into 15-mL glass centrifuge tubes. Extraction was performed by sequential extraction with first 70% and then 90% v/v methanol in combination with a heating plate and a homogeniser [1, 7] . After each extraction, the samples were centrifuged. The purification of the extracts was done using a previously described method [14] . Basically, samples were loaded into plastic columns (Chromabond ® , Macherey-Nagel, Germany) containing 1 mL of cationic ionchange resin (Dowex (H + ) 50WX8-400, Sigma) connected to a solid-phase extraction unit (Vac Elut SPS 24, Varian, Harbor City, California, USA). The final eluates obtained were evaporated on a heating plate at 35°C with an air flow vacuum pump, and the evaporated fractions were resuspended with 300 µL of ultrapure water and then filtered (Whatman general purpose 0.2-µm filter, Banbury, Oxon, UK) and stored in vials in the refrigerator until HPLC analysis. The analysis was performed using a 150 mm × 4.6 mm, 3-µm C18 Spherisorb S3 ODS2 reverse-phase column (Waters, Foster City, California, United States) in combination with a Gilson HPLC system (Gilson, Middleton, Wisconsin, USA) consisting of a model 118 mixing chamber, model 402 high-pressure pump, model 231 XL detector, and a Jones chromatography (Grace Vydac/Jones Chromatography, Ontario, Canada) thermostatically controlled oven for the column set at 30°C. Data were processed using the uniPoint software (uniPoint Corporate, Winnipeg, Manitoba, Canada). The solvents were (I): 350 mol·L 
Quantification of minerals
Quantification of P and B was determined by molecular absorption spectrophotometry, after wet digestion with H 2 SO 4 and H 2 O 2 for P and dry combustion for B [15] . Chestnut content of Ca, Mg, Fe, Cu, Zn and Mn was determined by atomic absorption spectrophotometry or by flame emission photometry (K), after wet digestion with B. Gonçalves et al.
HNO 3 and HClO 4 [15] . Element content was calculated on a dry mass basis.
Scanning electron micrographs
For scanning electron microscopy (SEM) observations, transverse and tangential sections of the raw, boiled and roasted chestnuts were conducted at 12.5 kV using a Philips/FEI SEM/ESEM Quanta 400 (FEI, Hillsboro, Oregon, USA). The samples were held with double-sided carbon adhesive tape on aluminium sample holders.
Statistical analysis
Data were tested using a two-way ANOVA test to determine the main effects of the cooking process and cultivar, followed by Duncan's new multiple range test with a 0.05 significance level. Additionally, a Fisher correlation analysis and a principal component analysis (PCA) including several of the studied parameters were also performed using the StatView 4.0 package (Abacus Corporation, Berkeley, California, USA).
Results and discussion
Amino acid contents
From the data presented in a previous study by our team, the means of crude protein of raw, boiled and roasted chestnuts were estimated to be (6.5, 6.3 and 6.7) g·100 g -1 , respectively [13] . This represents approximately 14% of the reference daily intake (RDI) for females and 12% of the RDI for males [16] . A total of 13 amino acids were detected within the sampled chestnut cultivars: arginine, isoleucine, leucine, phenylalanine, threonine and valine as the essential amino acids; and alanine, asparagine, aspartic acid, glutamic acid, glycine, serine and tyrosine as the non-essential amino acids (table I). These data show a variation in free amino acid content between raw and cooked (boiled and roasted) chestnuts, as well as among cultivars. The methods of cooking can be classified according to the method of heat transfer to the food. Heat conduction is used when cooking in liquid medium (boiling); the radiant heat is used in roasting.
The cooking method significantly affected (P < 0.001) the total amino acid composition, with contents 13% and 12% higher in roasted samples than in boiled and raw samples, respectively (table I). Regarding the essential amino acids, it was observed that, regardless of the treatment (raw, boiled or roasted), threonine and valine dominated, with 39% and 24% of the essential amino acids, and 7% and 4% of the total amino acids; the major non-essential amino acids were asparagine, glutamic acid and aspartic acid, which represent 62%, 23% and 11% of the non-essential amino acids and 37%, 14% and 7% of the total amino acids. These data are in agreement with those of De Vasconcelos et al. [7] .
Roasted chestnuts presented higher alanine, arginine, isoleucine, leucine, phenylalanine, threonine, tyrosine and valine than both raw and boiled chestnuts (table I) . Moreover, there was a higher content of serine in raw and roasted kernels. There were no significant differences in asparagine, aspartic acid or glutamic acid contents among raw, boiled or roasted kernels. In contrast, a previous study from Candela et al. reported that boiling led to a significant decrease in all amino acids in kidney beans, especially methionine, threonine and tyrosine, with reduction percentages of 65%, 51% and 49%, respectively [11] . Also, a decrease in the content of isoleucine, leucine and valine and a significant increase in lysine, phenylalanine and tyrosine were observed in lentils.
In our study, the content of total amino acids was highest (P < 0.001) in roasted chestnuts (419 mg·100 g -1 dry weight); 12% and 13% higher compared with boiled and raw nuts, respectively (table I).
According to Klein and Mondey, quantitative variations in the composition of amino acids can depend on their structural composition, solubility in water, vulnerability to heat treatment and also on the type of tissue under investigation [17] . In addition, Lisiewska et al. stated that a food product is a complex matrix, with peptides, polypeptides and free amino acids [18] ; therefore, it is difficult to determine the reason for changes in individual amino acids. However, the decomposition of certain protein fractions rich in amino acids can bring about increases in the content of other amino acids [19] .
Among non-essential amino acids, asparagine was the predominant one, followed by glutamic acid and aspartic acid (table I) . Asparagine is the amide of the dicarboxylic amino acid aspartic acid that is either deaminated during food processing or converted into aspartate by the mucosal cells [4] . In the human body, low levels of asparagine may indicate low synthesis of aspartic acid, which can result in the inability to properly synthesise and excrete urea, which is the major waste product of excess dietary protein. The incapacity to excrete urea can result in buildup of nitrogen-containing toxic metabolites that can lead to confusion, headaches, depression, irritability, or, in extreme cases, psychosis. On the other hand, glutamic acid is essential for cerebral functions and increases the amount of gamma-aminobutyric acid (GABA) required for brain functioning and mental activity [3] . According to Belitz et al. [2] , this amino acid is abundant in most proteins, but is particularly high in milk proteins (22%), wheat (31%), corn (18%), and soya (19%).
Among essential amino acids, threonine and valine perform various important functions in the human body. In fact, threonine Means (n = 33) ± standard deviations followed by the same letter within a line are not significantly different at P < 0.05, according to the Duncan Multiple Range test.
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was discovered by Rose in 1935; it helps to maintain the proper protein balance in the body and supports cardiovascular, liver, and central nervous and immune system function [4] ; threonine is present at 4.5-5% in meat, milk and eggs and 2.7-4.7% in cereals [2] . In the human body, valine is needed for muscle metabolism and repair and tissue growth and for the maintenance of the nitrogen balance in the body. It can be utilised as an energy source in the muscles, preserving the use of glucose [2] .
Regarding the [cultivar × treatment] interaction (table II) , the threonine content ranged between (2 and 82) mg·100 g -1 dry weight in raw cv. Martaínha chestnuts and in boiled cv. Lada, respectively; valine changed from (3 to 33) mg·100 g -1 dry weight in raw cv. Martaínha chestnuts and roasted cv. Negra, respectively; phenylalanine varied between (1 and 16) mg·100 g -1 dry weight in raw cv. Boaventura and roasted cv. Negra, respectively; and isoleucine varied between (0.14 and 16) mg·100 g -1 dry weight in raw cv. Martaínha chestnuts and roasted cv. Longal SL, respectively. Chestnuts also presented arginine and leucine at low contents.
In our study, asparagine was the nonessential amino acid with the highest content in chestnut kernels; it ranged from (56 to 336) mg·100 g -1 dry weight in boiled chestnuts of cv. Côta and cv. Aveleira, respectively (table III) . Glutamic acid appeared in second place and it varied between (8 and 166) mg·100 g -1 dry weight in roasted chestnuts of cv. Martaínha and cv. Longal SL, respectively. Moreover, it was found that aspartic acid ranged from (4 to 55) mg·100 g -1 dry weight in raw chestnuts of cv. Boaventura and boiled chestnuts of cv. Lada, respectively; and alanine varied between (13 and 51) mg·100 g -1 dry weight in boiled chestnuts of cv. Côta and roasted chestnuts of cv. Lada, respectively. Chestnuts also presented serine, glycine and tyrosine, but at low contents.
The amino acids that constitute the proteins are of high importance in achieving a healthy and nutritionally balanced diet [20] . Several studies reported that nut consumption has been linked to a lowered risk of cardiovascular heart disease [21, 22] , which may be partly explained by the cholesterollowering effect due to a favourable fatty acid composition. In addition, several amino acids exert a synergistic effect with vitamin C on the antioxidant activity of vitamin E and their effectiveness is partially related to their lipophilicity [23] . The additive and synergistic actions of phytochemicals in nuts are responsible for the potent antioxidant and anticancer activities [24, 25] . Although roasting induced the highest levels of amino acids, it is known that it might also lead to Maillard reactions with the associated formation of acrylamide (a probable human carcinogen), but, according to Karasek et al., it is unlikely that this kind of food has a significant impact on the total acrylamide intake of humans via food [26] .
Mineral contents
In our study, nine minerals were determined in the ten chestnut cultivars: the main elements P, K, Ca and Mg; the trace elements Fe, Cu, Zn and Mn; and the ultra-trace element B (tables IV, V).
Potassium (K) was the predominant main element in the kernels, and low contents of P, Ca and Mg were observed (table IV) . Among the trace elements, manganese (Mn) was present at a high level, followed by Fe, and low contents of Zn, Cu and the ultratrace mineral B were also present in raw, boiled and roasted kernels. Similar results were found for chestnuts by Souci et al. [27] . However, Borges et al. [8] reported that nuts are rich in K, P, Mg, Fe, Mn and Cu.
It is well known that minerals have an important role in the human organism. Several epidemiological, observational and clinical trials [28] [29] [30] have demonstrated a significant reduction in blood pressure, and in the incidence of cardiovascular and cerebrovascular accidents with increased dietary K + intake. Second only after K, magnesium (Mg) is one of the major body minerals, primarily found in muscle and bone. It is a constituent and activator of many enzymes, particularly those associated with the conversion of energy-rich phosphate compounds, and a stabiliser of plasma membranes, intracellular membranes and nucleic acids [2] . Additionally, magnesium may be helpful in the treatment of diseases such as hypertension, acute myocardial infarction and atherosclerosis [31] . Phosphorus (P) has an important role in mineralisation of bones and teeth, energy metabolism, and absorption and transport of nutrients [32] . Higher dietary calcium (Ca) is associated with lower blood pressure and a decreased risk of developing hypertension [33] . Belitz et al. indicates that milk and milk products are the most important source of Ca, followed at a considerable distance by fruit and vegetables [2] . Moreover, iron (Fe) is necessary for heme synthesis, serves as a catalyst for oxidation-reduction reactions by readily accepting/donating electrons, and is also present in a number of enzymes, such as peroxidase, catalase, hydroxylase and flavine enzymes [2] . Also, zinc (Zn) is an essential trace element that is present in over 200 metalloenzymes that work at several biochemical levels including protein, fat and carbohydrate metabolism; nucleotide polymerase activity; and elongation and desaturation of fatty acids, among others. Copper (Cu) and manganese (Mn) are the component or activator of many important body enzymes [2] . Cooking significantly affected (P < 0.001) the mineral composition of the chestnuts, except for P, Fe, Cu and Mn contents (tables IV, V). In general, calcium significantly decreased upon cooking. In addition, boiling led to severe leaching of K, Ca, Mg and B, mainly in cvs. Judía, Negra and Trigueira. In a previous study dealing with the same species, Künsch et al. found that cooking led to decreases in K and Mg, but not in Ca contents [12] .
In relation to the [cultivar × treatment] interaction and among the main elements, potassium (K) ranged between (5 and 13) g·kg -1 dry weight in boiled cv. Negra chestnuts and boiled cv. Martaínha, respectively; calcium (Ca) ranged from (0.31 to 0.77) g·kg -1 dry weight in raw cv. Longal SL chestnuts and raw cv. Côta, respectively; and magnesium (Mg) varied between (0.33 and 0.92) g·kg -1 dry weight in boiled cvs. Judia and Lada chestnuts and roasted cv. Lamela, respectively (table V).
Principal component analysis and correlations between amino acids and minerals
In order to establish the relationships between the different variables and to detect the most important causes of variability, a principal component analysis (PCA) was applied to the total amino acids and the individual amino acids which present greater relevance (asparagine, aspartic acid, glutamic acid, threonine and valine), and to the minerals (P, K, Ca, Mg, B, Fe, Cu, Zn and Mn) of raw, boiled and roasted chestnuts ( figure 1) .
For raw chestnuts ( figure 1A) , two principal components (PC) were obtained, accounting for 60% of the total variance. Component 1 explained 36.9% of the total variance and the parameters that correlated best with this principal component were total amino acids (0.981), aspartic acid (0.820), glutamic acid (0.792), threonine (0.779), asparagine (0.760), valine (0.671) and phosphorus (P) (0.530). Similarly, for boiled chestnuts (figure 1B), two principal It is interesting to note that the amino acids valine, aspartic acid, glutamic acid and total amino acids from raw chestnuts, and threonine, asparagine, aspartic acid and total amino acids from boiled chestnuts were positively correlated with phosphorus (P) (data not shown). However, there were no positive correlations between amino acids and P in roasted chestnuts. Also, some positive correlations between threonine, asparagine and total amino acids and iron (Fe) were found for raw chestnuts, but not in either boiled or roasted chestnuts (data not shown). Threonine and asparagine from raw chestnuts, and threonine, asparagine, aspartic acid, glutamic acid and total amino acids from boiled chestnuts correlated positively with zinc (Zn), but not in roasted chestnuts. In roasted chestnuts, asparagine, glutamic acid and total amino acids correlated positively with boron (B) and correlated negatively with calcium (Ca) (data not shown). Jiang et al. reported that eight mineral element contents had correlations with different amino acid contents [34] . Magnesium, calcium and zinc contents were significantly correlated with most of the 17 amino acid contents, but sodium (Na) content did not correlate with amino acid contents except with aspartic acid of rice. Moreover, Zhou et al. indicated positive correlations between amino acid content and copper or zinc content [35] .
In summary, since more than 90% of the consumption is made up of cooked chestnuts, apart from a good level of amino acids and minerals, the cooking process also has a positive effect regarding the digestibility of macro-molecules such as proteins and polysaccharides (fibre) in terms of denaturation and increasing bioavailability, as can be observed in the scanning electron micrographs (figure 2): the cells of chestnut starchy endosperm showed cell walls and large and small starch grains ( figure 2A) ; after cooking, both the boiling ( figure 2B ) and roasting ( figure 2C ) processes led to 
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cell wall destruction and protein matrix disruption.
In relation to amino acid content, the best cultivars were cvs. Aveleira, Boaventura and Martainha for boiling; and cvs. Longal P, Longal SL and Negra for roasting. In addition, cvs. Aveleira, Boaventura, Longal P and Martainha were the most stable cultivars upon cooking regarding the mineral content. Since they showed a larger decrease in total amino acid content after cooking, the other cultivars Côta, Judia, Lamela and Trigueira might be better used for flour, for a gluten-free diet in cases of celiac disease. However, based on the present data, cooked chestnuts are a good source of amino acids and minerals, as well as phenolics and organic acids and low in fat [13] , thus meeting the requirements of health products. 
